Effects of tempering treatment on mechanical properties and microstructures have been studied for martensitic steel F82H doped with 60 ppm B and 200 ppm N (F82H þ B þ N) . The tempering treatments were performed at 700-780 C after the normalizing treatment at 1000 C. Yield stress of the F82H þ B þ N steel tempered at 700, 750 and 780 C was 740, 580 and 500 MPa, respectively, and ductile-brittle transition temperature (DBTT) of the specimens was À55, À85 and À85 C, respectively. The areal density of dislocations decreased from 1:1 Â 10 14 to 2:5 Â 10 13 m À2 with increasing tempering temperature from 700 to 780 C. The number density of precipitates decreased with increasing tempering temperature from 700 to 750 C, while the number density was almost equivalent as increasing tempering temperature from 750 to 780 C. The results indicate that the change of DBTT, depending on tempering temperature, is related with the change of yield strength, size and number density of carbides. Hardening behavior of the F82H þ B þ N steel irradiated by 10.5 MeV Fe 3þ to 10 dpa at 360 C has been also studied by using a micro-indentator. The micro-hardness of the F82H þ B þ N steel tempered at 780 C was changed from 3.6 to 4.8 GPa by the irradiation. Because hardening behavior of the F82H þ B þ N steel was found to be similar with that of F82H non-doped, doping effects of B on irradiation hardening were suppressed by co-doping of B and N.
Introduction
Reduced activation ferritic/martensitic steels are first candidate materials in nuclear fusion reactor. [1] [2] [3] The fast neutrons cause displacement damage and produce transmutation products such as He atoms in materials. It is necessary to understand the effects of a simultaneous formation of displacement damage and large amounts of He on mechanical properties and microstructures. [4] [5] [6] [7] Doping of either Ni or B to the ferritic/martensitic steels has been adopted to simulate the simultaneous effects of the displacement damage and He production in fusion reactors by using fission reactors. 8) The Ni doping to ferritic/martensitic steels caused irradiation hardening. 9, 10) The Ni doping to the steels, however, altered the microstructures during irradiation. 8) The B doping to F82H also caused irradiation hardening, 11) and the B doping degraded the fracture toughness. 12) Mechanical properties of F82H doped with B or Ni before and after irradiation should be almost same as those of F82H nondoped in order to evaluate He effects exactly. To modify the mechanical properties of B doping specimens, we made codoped specimen. 12) In previous studies, co-doping of B and N to the F82H steels (F82H þ B þ N) suppressed B localization, and mechanical properties of F82H þ B þ N were demonstrated to be comparable with that of F82H and also dependent on normalizing temperature. 12, 13) Heat treatment effects on mechanical properties and microstructures have been studied for F82H (8Cr). Mechanical properties and microstructures of F82H doped with B and N, however, has not been studied and this subject is one of purposes in this study. At present, neutron irradiations to F82H þ B þ N are in progress to estimate the He effects on the mechanical properties and microstructures. The F82H þ B þ N tempered at several temperatures are used for the irradiations to clear effects of sink density of point defects formed under neutron irradiation on the irradiation behaviors. Then, it is necessary for estimation of the behaviors to understand effects of tempering treatments on the mechanical properties and microstructures of the F82H þ B þ N. While slight increasing of irradiation hardening causes in F82H by doping with only B, 11) irradiation hardening of F82H þ B þ N has not been elucidated. To investigate the irradiation responses of the F82H þ B þ N is the other purpose in this study.
Experimental Procedures
Specimens used in this study were F82H (Fe-8Cr-2W-0.3V-0.04Ta-0.1C) martensitic steels, and F82H steels doped with 60 mass ppm B and 200 ppm N, typically shown as F82H þ B þ N. The F82H steels non-doped were used as comparing specimens. The isotope elements of 10 B and 11 B was separately doped in F82H steels with N, which were denoted as F82H þ 10B þ N and F82H þ 11B þ N, respectively, and compared for the mechanical properties. Chemical compositions of the specimens are given in Table 1 . The F82H (IEA-Heat) steels were normalized at 1040 C for 2.2 ks followed by air cooling (AC) and tempered at 750 C for 3.6 ks followed by AC, which was termed as a single heat treatment. The F82H þ B þ N and F82H (except IEA-Heat) steels were firstly normalized at 1150 C for 1.8 ks followed by water quench (WQ) and tempered at 700 C for 7.2 ks followed by air cooling (AC), and subsequently normalized at 1000 C for 0.6 ks followed by WQ and tempered at various temperatures of 700 C for 3.6 ks, 750 C for 3.6 ks and 780 C for 1.8 ks followed by AC, which was termed as a dual heat treatment. Tensile tests were performed at room temperature in air and at 250 and 350 C in vacuum, with loading rate of 3:3 Â 10 À6 m/s. Size of plate tensile specimens was 25.4 mm in length and 0.76 mm in thickness and the gage length and width are 7.62 and 1.52 mm, respectively. Ductile-brittle transition temperature (DBTT) was measured by Charpy V notched impact test, which specimen size was 20 mm in length and 3.0 mm in width and 1.5 mm in thick with the notch depth of 0.5 mm. The microstructures and the precipitation sizes of the specimens were evaluated by a transmission electron microscope (TEM). The compositions of the precipitations were analyzed by an energy dispersive X-ray spectroscopy (EDS). Hardening behavior of the F82H þ 10B þ N steel irradiated by 10.5 MeV Fe 3þ to 10 dpa at 360 C has been also studied by using a micro-indentator, which maximum loading force was set to be 10 mN. The micro-hardness was calculated from mean values of 30 points per one specimen.
Results and Discussion

Mechanical properties and microstructures of
F82H þ B þ N steels Tensile properties of F82H þ 10B þ N steels coincided with that of F82H þ 11B þ N steels. Yield stress (YS), ultimate tensile stress (UTS) and total elongation (TE) of F82H þ 10B þ N and F82H þ 11B þ N tempered at 700, 750 and 780 C are shown in Fig. 1 for room-temperature measurements. The YS and UTS of the F82H þ 10B þ N decreased with increasing tempering temperature. The YS of the F82H þ 10B þ N steel tempered at 700, 750 and 780 C was 740, 580 and 500 MPa, respectively. The YS and UTS of the F82H þ 10B þ N are hardly different from that of the F82H þ 11B þ N as shown in Fig. 1 and also that of the F82H non-doped.
14) The TE of the F82H þ 10B þ N increases with increasing tempering temperature and is similar to that of the F82H þ 11B þ N. In the measurements at 250 and 350 C, the YS of F82H þ 10B þ N tempered at 780 C was decreased to be 450 and 430 MPa, respectively. The dependence of YS on tempering temperature could be qualitatively explained by microstructural evaluations as discussed later.
Effect of tempering temperature on absorbed energy of F82H þ 10B þ N steels is shown in Fig. 2 . The DBTT of the specimens tempered at 700, 750 and 780 C was about À55, À85 and À85 C, respectively. Upper shelf energy is not dependent on the tempering temperature and nearly constant in the temperature region of 700-780 C. The DBTT of the specimen tempered at 700 C was about 40 C higher than those of the specimens tempered at 750 and 780 C. The specimens tempered at 750 and 780 C had better fracture toughness than the specimens tempered at 700 C, which absorbed energy was almost zero J under À100 C. Correlations between tempering temperature, YS and DBTT in the F82H þ 10B þ N steels are shown in Fig. 3 . The DBTTs of the specimens tempered at 700 and 750 C correspond to the YS dependent on the tempering temperature. The DBTT of the specimens tempered at 780 C, however, is comparable to that of specimens tempered at 750 C. Some reports denoted for ferritic/martensitic steels that DBTT decreased with decreasing YS. 15, 16) The DBTT of the specimen tempered at 780 C does not decrease and does not depend on the YS. Therefore, microstructural evaluations are necessary for considering the change of DBTT.
Typical TEM image of F82H þ 10B þ N steel tempered at 780 C, tempering temperature dependence on size distributions of precipitations and on areal number density of DBTT of specimens tempered at 700, 750 and 780 C was À55, À90 and À85 C, respectively. Lath boundaries with size of about 300-500 nm width, appearances of precipitates observed as black contrasts and dislocation lines were similarly observed in all the specimens. Fine precipitations with low number density in the matrix, which sizes were about 10-20 nm, were MX (V,Ta)(C,N) carbonitrides by EDS measurements. The main precipitations with large size were around the prior austenitic grain boundaries, lath boundaries and partly in the matrix. The large precipitations were Cr-rich M 23 C 6 carbides. Number density of the MX was much lower than that of the M 23 C 6 . Mean size of those precipitations was about 110 nm for the specimen normalized at 700 C. The mean sizes in the specimens normalized at 750 and 780 C were not distinctly changed and the size is about 130 nm. The mean size of the F82H þ 10B þ N was slightly larger than that of C increased slightly comparing with the specimen tempered at 750 C as shown in Fig. 4(c) . The areal number density of dislocations decreased with increasing tempering temperature as shown in Fig. 4(c) . The areal number density tempered at 700, 750 and 780 C was 1:1 Â 10 14 , 6:1 Â 10 13 and 2:5 Â 10 13 m À2 , respectively. The changes of the areal number density caused reduction of tensile strength depending on tempering temperature as shown in Fig. 1 . Changing behavior of DBTT correlates with those of mean size and number density of precipitations, not with areal number density of dislocations, for the specimen tempered at 780 C. It was found that number density of dislocations reduced and precipitation size increased for F82H þ B þ N as comparing with those of F82H. At same tempering temperature of 750 C, YS of F82H þ 10B þ N was similar to that of F82H non-doped, but the areal number density of dislocations of the F82H þ 10B þ N (6:1 Â 10 13 m À2 ) was smaller than that of the F82H non-doped (2 Â 10 14 m À2 ). 18) These results suggest that DBTT changing of F82H þ 10B þ N dependent on the tempering temperature is related with not only the number density of dislocations but also the size and number density of precipitations.
Irradiation response of
Changes of micro-hardness of the F82H þ 10B þ N steels before and after ion irradiations are shown in Fig. 5 . After the irradiation, the change of hardness divided by that before irradiation, which is denoted as a normalized hardness in this figure, for the F82H þ 10B þ N tempered at 700, 750 and 780 C is 1.1, 1.1 and 1.3, respectively. In case of 780 C the micro hardness was changed from 3.6 to 4.8 GPa after the irradiation and the normalized hardness was slightly higher than the case of 700 and 750 C. The normalized hardness of F82H (IEA Heat, single heat treatment) is also shown in Fig. 5 and slightly larger than F82H þ 10B þ N. The Tempering Treatment Effect on Mechanical Properties of F82H Steel Doped with Boron and Nitrogennormalized hardness of F82H, however, was considered to decrease to the same revel of the F82H þ 10B þ N by dual heat treatment. 17) Distinct differences of normalized hardness were not observed in the tempering temperature region and also between F82H þ B þ N and F82H non-doped. Because hardening behavior of the F82H þ B þ N was found to be similar with that of F82H non-doped, doping effects of B on radiation hardening were suppressed by co-doping of B and N. Then, it is indicated that F82H þ B þ N steel is suitable for the evaluation of He effects on the mechanical properties. Microstructural evaluations of F82H þ B þ N steels after ion irradiations are under investigations.
Conclusion
Effects of tempering treatment on mechanical properties and microstructures have been studied for ferritic/martensitic steel F82H doped with 60 ppm B (10B and 11B) and 200 ppm N. Tensile strength, for which no difference was observed between F82H þ 10B þ N and F82H þ 11B þ N, depended on tempering temperature and corresponded with areal number density of dislocations. Change of DBTT, depending on tempering temperature, was mainly related with not only the change of tensile strength but also precipitations. Moreover, while tensile strength decreased with increasing tempering temperature, DBTT was not dependent on the tensile strength at the highest tempering temperature in this study. Hardening behavior of F82H þ B þ N after ion irradiation was found to be comparable with that of F82H non-doped.
